Alloy 718 derives its good mechanical properties from a fine dispersion of ordered precipitates in a face centered cubic matrix. However, the precise nature of these precipitates has only been resolved recently through atomic level characterization of the compositions of these precipitates in a three-dimensional atom probe. Atom probe tomography has revealed that these fine (< -20 nm diameter) precipitates generally consist of two distinct types of regions that are enriched either in niobium or in aluminum and titanium that are characteristic of the y" and y ' phases, respectively. Reasonable agreement may be achieved between atom probe measurements and thermodynamic predictions of the compositions of these phases when additional microstructural information is taken into account and absent phases are suppressed in thermodynamic calculations.
Introduction
Niobium-containing Alloy 7 18 is strengthened by a combination of DO,,-ordered Ni,(Nb,Ti) y" and L1,-ordered Ni,(AI,Ti,Nb) y' phases in a face centered cubic y matrix [I-51. Both the DO2:-ordered and Liz-ordered crystal structures are derivatives of the face centered cubic structure.
The DO1,-ordered structure can be described as an L1:-ordered structure with an a[+ iO] displacement every other 001 plane thereby converting a cubic structure into a tetragonal one. The compositions of these two ordered phases may both be described as Ni,(Al,Ti,Nb) with varying levels of aluminum, titanium and niobium. Since these ordered phases form in different temperature ranges, it is possible to tailor the quantity, size and composition of the phases present by careful control of the heat treatment and the composition of the alloy. Thermodynamic calculations may be used in this alloy design process to rapidly predict the quantity and compositions of the co-existing phases present [6] . This alloy design process may also be used to ascertain if it is possible to suppress deleterious phases such as the o or Laves phases. In addition, this approach may be used to refine the Alloy 718 specification in order to make more effective use of the alloying elements as their partitioning behavior is calculated. In order to adopt this approach, the accuracy of these thermodynamic predictions must be evaluated on real alloys over a range of alloy compositions and heat treatments.
Atom probe tomography (APT) is able to measure the partitioning and concentrations of all the alloying elements in the phases present in these complex systems . The compositions of small volumes are estimated from the numbers of atoms of each solute in that volume. Previous atom probe tomography characterizations of Alloy 718 [lo-131 revealed that the secondary or fine (< -20 nm diameter) precipitates consisted of two distinct types of regions enriched in either niobium or in aluminum and titanium that are characteristic of the y" and y' phases, respectively.
In this paper, a companson is made of the compositions of the phases present in Alloy 718 as predicted by thermodynamic calculat~ons and measured by atom probe tomography. This study complements a prevlous comparison of the compositions of phases present in an Alloy 718 (Ni-21.8 at. % Cr, 20.3% Fe, 3.2% Nb, 1.81% Mo, 1.15% TI, 0.96% Al, 0.26% Co and 0.26% C) \kith a different multistep heat treatment as predtcted by thermodynamic calculations and measured by atom probe tomography [12-131. 
Experimental

Material and Heat Treatments
The nominal composttion of the commercial Alloy 718 used in this study was Nt-21.5 at. % Fe, 19.6% Cr, 0.31% Co, 1.76% Mo, 3.24% Nb. 1.18% TI, 1.27% A1 and0.19CTc C (Ni-20.7 wt% Fe, 17.6% Cr, 0.32% Co, 2.92% Mo, 5.21% Nb, 1.05% T I , 0.55% Al, and 0.04% C). All compositions presented tn this paper are gtven In atomtc percent.
The material was given a multistep heat treatment of 1 h at 1093OC, 8 h at 718"C, a slow cool at a rate of 55"CIh to 621°C, 8 h at 621°C and an air cool to room temperature. The microstructural characterizations were performed after the 8 h at 718°C step and after the complete multi-step heat treatment. In this paper, these two conditions are referred to as the 718 and 621°C heat treatments, respectively.
Previous transmission electron microscopy characterization of this alloy after these heat treatments revealed a few coarse (1-2 pm) MC-type inclusions. No o phase precipitates were observed. The relatively low chromium level of this Alloy 718 may be significant in suppressing the formation of 6 and Laves phases. No 6, Laves or NbC precipitates were detected at the grain boundaries. In addition, a uniform distribution of -5-13 nm precipitates was observed in the y matrix. Similar size estimates were also obtained from field ion images, as shown in Fig. 1 . No significant difference in the microstructure was noted after the 8 h at 718OC step and after subsequent stages of the full heat treatment. No other intragranular phases, such as the chromium-enriched 6 and Laves, were observed. 
Atom Probe Tomography
The compositions of the phases present in this superalloy were characterized in the Oak Ridge National Laboratory's (ORNL) energy-compensated three-dimensional atom probe (3DAP). This instrument permits the spatial coordinates and the elemental identity of the atoms in a small volume to be determined [9] . An atom map of a 2-nm-thick slice through the central region of an intragranular precipitate is shown in Fig. 2 . In this representation, a color-coded sphere is used to represent the position of an individual atom. Composition profiles through two different precipitates are shown in Fig. 3 . The dual phase nature of these precipitates is evident from the different composition regions within the precipitate envelope corresponding to y' and y" phase regions. The compositions were estimated from averages of several selected volumes in different precipitates or y phase regions [9] . The identity of the phases was based on the measured compositions. Small bars were cut from bulk heat-treated materials with a diamond saw and then electropolished into needle-shaped specimens with two electrolytes: A) 25% peperchloric acid in glacial acetic acid and B) 2% perchloric acid in 2-butoxyethanol [9] . A specimen temperature of 60 K, a pulse fraction of 20%, and a pulse repetition rate of 1500 Hz was used for all atom probe analyses.
Thermodvnamic Calculations
The equilibrium compositions and the relative amounts of phases present in Alloy 718 at different temperatures were calculated with the use of ThermocalcTh' version M and a commercial 12 element Ni-Fe database [15] . The phases considered in the calculation were face centered cubic y, L1,-ordered y ' , DO,,-ordered ytl, o, Laves, MC, M,C, M,,C6, M,C3 and liquid. It was necessary to suppress the orthorhombic Ni,Nb 6 phase from the calculations due to its interference with the y " phase.
Thermodynamic Predictions
The thermodynamic predictions of the equilibrium phase compositions and their molar fractions at 1093, 718 and 621°C are shown in Table I . At 1093"C, the only phases predicted to be present were the y matrix and a small molar fraction (0.39%) of NbC. At 718 and 621°C, yrr , y ' and o phases were also predicted to be present. A small molar fraction (0.93%) of Crl,C6 was also predicted to be present at 621°C. These calculations predicted that iron, chromium, cobalt and molybdenum partition preferentially to the y matrix, niobium and titanium partition to the yl1 phase and approximately equal levels of aluminum, titanium and niobium partition to the y ' phase. Niobium, titanium and carbon were predicted to be present in a small molar fraction of NbC at both 1093 and 718°C and chromium, molybdenum and carbon to be present in Cr,,C, at 621°C. Chromium, iron, nickel, and molybdenum were also predicted to be present in a small molar fraction of o phase at both 718 and 621°C. Compared to those at 71SGC, the predictions at 621°C showed that the molar fractions of the ytt and y r phases increased and the y matrix decreased. The iron and chromium levels decreased in the y " and y phases and increased in the y phase. Similarly, the niobium, aluminum and titanium levels decreased in the y phase, and the niobium level increased and the titanium level decreased in the y" phase.
As the (Cr-Fe-Ni-Mo) o phase was not observed experimentally, a second set of predictions h a s also calculated with the o phase suppressed. When the cr phase was suppressed, the Laves phase was predicted to form instead. As the Laves phase was not observed expenmentally, it was also suppressed in the second set of predictions. The predicted phase compositions and molar fractions are given in Table 11 . When both the o and Laves phases were suppressed in the calculations, the molar fractions of the Cr-ennched y matnx increased from 78.07% to to 79.90% at 718°C and from 72.09% to 76.72% at 621°C. In addition, the chromium and molybdenum levels in the y matrix increased from 23.75% to 24.36% Cr and 1.82% to 2.11% Mo at 718°C and from 22.86% to 24.60% Cs and 1.37% to 2.07% Mo at 621°C. A trace amount (0.005%) of the Cr-rich Cr& was also predicted to form at 7 18°C.
Atom Probe Tomography Composition Estimates
The phase compositions that were determined by atom probe tomography are summarized in Table 111 . The partitioning of the alloying elements was found to be in agreement with the thermodynamic predictions in that iron and chromium partition to the y matrix, niobium and titanium partition to the ylt phase, and aluminum, titanium and niobium partition to the y ' phase. In addition, there was general agreement between the measured and predicted compositions. Some minor differences were observed between the atom probe tomography measurements and Lhe equilibrium compositions predicted by thermodynamic calculations. The niobium level in Tithe y matrix was slightly higher than the predictions. The iron, chromium, molybdenum and titanium levels were slightly higher than predicted in the y" phase. The iron level was lower and the molybdenum level was higher than predicted in the y phase. Some of these small differences may be due to the compositions of the phases not attaining equilibrium due to the multistep heat treatment and the relatively short times of the heat treatment. 
Conclusions
Atom probe tomography has revealed that these fine (< -20 nm diameter) precipitates generally consist of two distinct types of regions that are enriched either in niobium or in aluminum and titanium that are characteristic of the y" and y' phases, respectively. Reasonable agreement may be achieved between atom probe measurements and thermodynamic predictions of the compositions of these phases when additional microstructural information is taken into account and absent phases are suppressed in thermodynamic calculations.
